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Introduction
A large number of subtropical and tropical plant families have disjunct distributions between the Paleotropics and the Neotropics (Raven and Axelrod 1974) , most commonly between tropical America and tropical Africa. Such disjunct distributions have often been attributed to a presence on the Gondwana continent and then subsequent vicariance following the break up of this large landmass (Raven and Axelrod 1974; Gentry 1982; Renner 1993; Chanderbali et al. 2001) . Recent molecular dating analyses, however, have shown that most plant families are too young to have originated before the break up of Gondwana (Wikströ m et al. 2001; Bremer et al. 2004) , which is in agreement with studies integrating phylogenies and fossil data (Magalló n et al. 1999; Magalló n and Sanderson 2001) .
Today, other hypotheses are often employed to explain disjunct distributions between the Paleotropics and the Neotropics. Such explanations involve long-distance dispersal by wind, water, rafting, or avian transport Dick et al. 2003 Dick et al. , 2007 Givnish et al. 2004; Lavin et al. 2004; Pennington and Dick 2004; Schaefer et al. 2009 ), as well as dispersal via land bridges connecting the two areas at various geological times (Lavin and Luckow 1993; Lavin et al. 2000; Chanderbali et al. 2001; Renner et al. 2001; Davis et al. 2002 Davis et al. , 2004 Zerega et al. 2005; Muellner et al. 2006) . The North Atlantic Land Bridge (NALB), which was established some time in the Late Paleocene or Early Eocene when boreotropical forests existed in the northern hemisphere, and the Bering Land Bridge, which connected present-day Siberia with Alaska during the Pleistocene (Tiffney 1985; Tiffney and Manchester 2001) , are commonly invoked routes of exchange between the Old World and the New World (Lavin and Luckow 1993; Lavin et al. 2000; Chanderbali et al. 2001; Renner et al. 2001; Davis et al. 2002 Davis et al. , 2004 Zerega et al. 2005; Muellner et al. 2006 ), but temporary island chains between Africa and South America have also been considered (Morley 2003; Pennington and Dick 2004) .
Members of the family Rubiaceae occur on all continents of the world, but their major distributions are in subtropical or tropical regions. The majority of species is found in the Paleotropics; however, taxa with a Neotropical distribution are found within all three subfamilies (i.e., Rubioideae, Ixoroideae, and Cinchonoideae; Bremer et al. 1995 Bremer et al. , 1999 . On the basis of its present distribution, Rubiaceae were among the Gondwana-derived taxa Raven and Axelrod (1974) proposed to have migrated between Africa and South America during or before the Paleocene, with only limited exchange between the continents from the Eocene and later. The migration between Africa and South America was suggested to have been facilitated through dispersal over a narrow Atlantic Ocean or via island chains stretching across it (Raven and Axelrod 1974, p. 601) . Morley (2003) proposed that transAtlantic island chains were present along the Walvis Ridge and the Sierra Leone Rise until the Early Tertiary. Raven and Axelrod (1974) further stated that most Central American and Caribbean Rubiaceae taxa originated from South America during the Late Cenozoic or later. This view was shared by Gentry (1982) , who placed Neotropical Rubiaceae in a group of Andean-centered taxa. Andeancentered taxa have their main distribution within the northern and southern Andes but are also well represented in Central America, which constitutes a second center of speciation for this group (Gentry 1982) . More recently, in a study of Neotropical Rubiaceae, Antonelli et al. (2009) suggested an Early Paleocene origin for the family and a subsequent dispersal to the Neotropics via the NALB during the Late Paleocene or the Early Eocene.
Magalló n et al. (1999) integrated knowledge of phylogenetic relationships between major angiosperm lineages with the fossil record and estimated divergence times of sister clades on the basis of the oldest fossil assigned to either clade. The divergences of Gentianales (to which the Rubiaceae belong) and its sister, Lamiales s.l. (Olmstead et al. 1993) , were estimated to have occurred in the Early Eocene (53.2 million years ago [Mya] ; Magalló n et al. 1999) . Wikströ m et al. (2001) used divergences in molecular data to estimate divergence times for a large number of plant families. In their study, the Gentianales crown group was estimated to 61-64 million years (Myr), whereas Bremer et al. (2004) , using molecular data and fossil calibrations to investigate divergence times among the Asterids, reported an estimated age of 78 Myr for the divergence of Gentianales.
Although the Rubiaceae is one of the largest plant families (>13,000 species), there are limited fossil data for the group, and no known Rubiaceae fossil predates the Eocene. Middle Eocene material of Paleorubiaceophyllum eocenicum (Berry) Roth & Dilcher, which is suggested to represent the oldest Rubiaceae fossil (Bremer and Eriksson 2009) , was recently reported to include stems with alternated leaves; its affinity is, therefore, uncertain (Graham 2009 ). Among more confidently identified fossils (Graham 2009) , two have been placed in the Eocene: infructescences and fruits of Emmenopterys (Manchester 1994; Wehr and Manchester 1996) and pollen of Faramea (Graham 1985) .
Recent dating analyses of Rubiaceae (Antonelli et al. 2009; Bremer and Eriksson 2009 ) have resulted in divergence-time estimates of Rubiaceae that were older than those indicated by the large-scale dating analysis of Wikströ m et al. (2001) . Antonelli et al. (2009) estimated the divergence time of the Rubiaceae crown group to be 66.1 Myr, and Bremer and Eriksson (2009) estimated it to be 86.6 Myr. These divergencetime estimates indicate that Rubiaceae originated well after the existence of any direct land connection between Africa and South America (; 96 Mya; Morley 2003) and when the distance between the two continents was 800 km or more(85 Mya; Burnham and Graham 1999) . In each of their studies, Antonelli et al. (2009) and Bremer and Eriksson (2009) estimated that the three subfamilies, Cinchonoideae, Ixoroideae, and Rubioideae, diversified 51.3 and 38.7 Mya, 48.1 and 59.6 Mya, and 47.9 and 77.9 Mya, respectively.
The Cinchonoideae is essentially Neotropical, with its distribution centered in Central America, South America, and the Caribbean. Within Cinchonoideae only two tribes, Naucleeae and Hymenodictyeae, are predominantly distributed in the Paleotropics, although members of Naucleeae are also found in North and South America; additionally Chiococceae ranges to the islands of the western Pacific, with the highest diversity found in the Greater Antilles. In contrast to Cinchonoideae, Rubioideae and Ixoroideae have their major distributions in the Paleotropics, with only a smaller portion of genera distributed in the Neotropics. However, in a recent study of Ixoroideae, Kainulainen et al. (2009) found support for two Neotropical clades as early-diverging lineages within Ixoroideae, whereas Paleotropical members of the subfamily formed a large sister group to one of the two Neotropical lineages. A sister-group relationship between Cinchonoideae and Ixoroideae has been established in several studies (Rova et al. 2002; Bremer and Eriksson 2009; Rydin et al. 2009 ).
The knowledge of the close sister-group relationship between Cinchonoideae and Ixoroideae, in combination with an increased amount of sequence data for their taxa and an understanding of distribution ranges, fossil data, and paleogeograpical scenarios, provide a good platform to address some biogeographical hypotheses for the group. In this article, we use molecular dating analysis and multiple dispersalvicariance analyses (DIVA) with molecular and fossil data to reconstruct the biogeographical history of Cinchonoideae, in particular with a focus on (1) when the subfamily was established in the Neotropics and (2) major subsequent dispersal events within the subfamily.
Material and Methods

Taxon Sampling
The focus of this study was primarily the Cinchonoideae. Sampling within the subfamily was almost identical to that of Manns and Bremer (2010) , which included most genera of all recognized tribes. Several genera, especially those with a distribution in several geographical areas, were represented by more than one taxon. In total, 171 Cinchonoideae taxa were investigated.
Sampling within Ixoroideae was less extensive; a total of 32 Ixorioideae taxa were included in the study. Our sampling included representatives from all of our distribution areas (see ''Analyses'' and ''Selection of Distribution Areas'') of the tribes labeled as early-diverging lineages by Kainulainen et al. (2009) . Sampling from the large Paleotropical clade did not cover all tribes, although several Paleotropical taxa from this clade were included so as not to bias the sampling.
In addition, 19 taxa from the third subfamily, Rubioideae, were included, along with two taxa from Luculieae and two taxa from Coptosapelteae. Representatives of non-Rubiaceae Gentianales taxa, which were used to root the trees, were Alstonia scholaris (Apocynaceae), Gelsemium sempervirens (Gelsemiaceae), and Exacum affine (Gentianaceae), all of which have previously been placed within the sister group of Rubiaceae (Backlund et al. 2000) . With the broad sampling outside the ingroup, we aimed to reduce the number of inferred ancestral areas for the nodes of special interest, as DIVA tends to suggest many equally parsimonious distributions, especially toward the root node (Ronquist 1996) .
Five different chloroplast markers were used in the analyses: the rbcL, ndhF, and trnT-L-F regions, the atpB-rbcL 262 INTERNATIONAL JOURNAL OF PLANT SCIENCES spacer, and the rps16 intron. New sequences were generated for Randia aculeata (voucher: Taylor DT-307 [MICH]), using extraction and amplification protocols described by Manns and Bremer (2010) . All other sequences were previously published by B.B.'s plant molecular lab at the Bergius Foundation (Manns and Bremer 2010) or were downloaded from GenBank (accession numbers and references are presented in app. A). The sequences were aligned manually using the alignment editor Se-Al, version 2.0a11 (Rambaut 1996) .
Analyses
A combined data set of all five markers was used to generate a posterior distribution of trees using MrBayes 3.1.2 (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003) . The best suitable evolutionary model for each chloroplast marker was selected by mrAIC (Nylander 2004) , using the AICc criterion (Posada and Buckley 2004) . Each MrBayes analysis used two separate Markov chain Monte Carlo (MCMC) runs with four chains each, for 25,000,000 generations, and the temperature was set to 0.15 to increase mixing. Every 1,000th tree topology was sampled in a tree file. After removal of burn-in topologies (first 20,000 in each run), the remaining trees from the tree files were pooled to produce a majority-rule consensus tree.
To test whether amplified sequence data had evolved in a clocklike manner (under rate constancy), we performed a likelihood-ratio (LR) test (Felsenstein 1981 ) using PAUP * , version 4.0b10 (Swofford 2003) , and three randomly selected phylogenies from the tree files produced in the MrBayes analyses.
Divergence-Time Analyses
To estimate tree topology and divergence times, an analysis was run in a Bayesian framework, using the BEAST 1.6.1 package (Drummond and Rambaut 2007) with the uncorrelated lognormal clock model and the molecular evolutionary model GTR þ G, as suggested by mrAIC (Nylander 2004) for the combined matrix. To decrease the number of generations in the MCMC chain, a random tree of the post-burn-in topologies generated in MrBayes was used as a starting tree in the analysis.
The BEAST analysis was conducted using four fossil constraints (listed in ''Prior and Age Calibration Points'') in combination with a maximum age constraint for the tree height and 26,000,000 generations. Estimated mean ages for a selected number of nodes, corresponding to larger clades, was investigated using Tracer, and a maximum clade credibility tree was constructed using TreeAnnotator (supplied in the BEAST package; Drummond and Rambaut 2007) . The maximum clade credibility tree topology was compared with the majority-rule consensus tree from the MrBayes analysis.
Prior and Age Calibration Points
Tree height was constrained using a uniform prior, with the upper limit set to 88 Myr on the basis of the age estimate for the Gentianales split and the uncertainty of this estimate (78 6 10 Myr; Bremer et al. 2004 ). In addition, four Rubiaceae fossils were used to constrain ages of nodes within the phylogeny by specifying prior information. These priors were set as uniform priors, with minimum ages set on the basis of the fossil information and maximum ages set to 145 Myr. The upper limit is based on the first occurrences of triaperturate pollen in the fossil record (Crane et al. 1995) . All fossil age constraints were set to the divergence of the smallest strongly supported clade (posterior probability [pp] ¼ 1.0) in the majority-rule consensus tree to which the fossil was assigned.
Considering the many members of Rubiaceae, the limited knowledge of detailed pollen morphology in many Rubiaceae genera, and the similarity of Rubiaceae pollen to pollen found in other members of Gentianales, pollen fossils must be selected carefully. We found two pollen fossils that were reliably assigned to specific genera within Rubiaceae.
Faramea pollen from the Late Eocene Gatuncillo flora near Alcalde Diaz, Panama, shows a distinct biporate form (Graham 1985) that is also present in some extant Faramea species and is considered to be more or less unique among extant angiosperms (Erdtman 1966) . The age of the Faramea pollen of the Gatuncillo flora was estimated to be 37 Myr; this value was used as a minimum age constraint for the Faramea and Coussarea split.
Although the Scyphiphora pollen, found in the Early Miocene layers of Marshall Islands in the West Pacific, is of the rather common tricolporate Rubiaceae type, its distinct pores with protruding, papilla-like rims caused Leopold (1969) to assign it to Scyphiphora. The identification of this fossil is further strengthened by the fossil's affiliation to a fossil mangrove flora, which exist in a habitat in which extant Scyphiphora is found. The age of the Scyphiphora pollen fossil was estimated to be ;23 Myr by Saenger (1998) . This age was used as a minimum age constraint for the Scyphiphora-Canthium clade, as the sister relationship of Scypohiphora and Ixora is only weakly supported.
Knowledge of fruit and flower morphology is often very useful when determining the family and genus affinity of any fossil, since classification of extant taxa is primarily based on fertile parts. Among the different fruit fossils assigned to Rubiaceae, Emmenopterys constitutes the oldest and most confidently identified (Graham 2009 ). On the basis of infructescence and fruit fossils of the Middle Eocene Clarno flora (Oregon, U.S.A.), Manchester (1994) described Emmenopterys dilcheri and compared it with extant Emmenopterys henryi Oliv. Two years later, Wehr and Manchester (1996) reported on Emmenopterys fruit fossils from the Middle Eocene Republic flora (Washington, U.S.A.). We used the estimated age of E. dilcheri (44 Myr; Manchester 1994) as a minimum age prior for the Condamineeae crown node (sensu Kainulainen et al. 2010) , since resolution within that clade was not supported.
Finally, several Cephalanthus fruit fossils have been reported from different localities in Europe and western Siberia and dated to the Late Eocene-Early Oligocene (Mai and Walther 1978, 1985) and the Middle and Late Miocene (Raniecka-Bobowska 1959; Dorofeev 1960 Dorofeev , 1963 Friis 1985) . An additional Cephalanthus fruit fossil from Eocene layers in the Pipe-Clay Series (Dorset, England) was acknowledged by Mai and Walther (1978) , although it was originally 263 listed as unidentified by Chandler (1962) . These fruits are characterized as schizocarps with two one-seeded, obovoid, slightly dorsiventrally flattened mericarps, and the seeds are strophiolate. We took Cephalanthus kireevskianus (Dorof.) Dorofeev from the Late Eocene and Early Oligocene (Mai and Walther 1978, 1985) to be the calibration point for the split between Cephalanthus and the rest of Naucleeae and assigned its minimum age to 34 Myr, representing the Eocene-Oligocene transition.
Biogeographic Analysis
Ancestral-area reconstruction was conducted using DIVA (Ronquist 1996 (Ronquist , 1997 . In DIVA, the most parsimonious reconstruction of ancestral ranges is inferred on a given phylogeny by minimizing the numbers of dispersal and extinction events that are needed to explain the present distribution (Ronquist 1997) . We used a Bayes-DIVA approach, as presented by Nylander et al. (2008) , to account for phylogenetic uncertainty in the biogeographic analysis, and analyses were run on 15,000 trees from the posterior distribution of trees obtained in the BEAST analysis.
The results of the DIVA analyses were added together in a majority-rule consensus tree. Marginal posterior distribution of ancestral areas are presented at each node, representing the uncertainty in the ancestral-area reconstruction as well as in the topology.
Biogeographic Data and Selection of Distribution Areas
Species distribution was mainly compiled from the World Checklist of Rubiaceae (Govaerts et al. 2008) and is supplied in table 1. For outgroup taxa, the information on distribution was compiled from the literature (Mabberley 1997; Thulin 2001; Zhen and Jianhua 2007) . Several genera within Cinchonoideae tribes that have a wide distribution are probably polyphyletic or paraphyletic (McDowell et al. 2003; Achille et al. 2006; Rova et al. 2009; Manns and Bremer 2010) . Distributions based on genus level would, therefore, not provide a correct distribution pattern, and we chose to code terminals using species distributions. In most cases, the geographical distribution of the sampled species of a genus corresponded to the total geographical distribution of the genus. However, for some genera, the coding of terminals on the basis of species distribution may influence the ancestral-area reconstruction; these cases are addressed in ''Discussion.''
Selection of Distribution Areas
The aim of this study was to study the large-scale biogeography of Cinchonoideae, in particular, with a focus on when the subfamily was established in the New World and subsequent distributional changes. Seven geographical areas of distribution were circumscribed on the basis of present and past separation of major landmasses:
A 
Results
Phylogenetic Analysis
In the Bayesian inference majority-rule consensus tree ( fig.  1 ), Cinchonoideae (1.0 pp) and Ixoroideae (1.0 pp) were recovered as sister groups (1.0 pp) and Colletoecemateae was placed within Rubioideae (1.0 pp). Luculieae (1.0 pp) and Coptosapelteae (1.0 pp) were placed outside the three subfamilies. Resolutions between Rubioideae, Luculieae, and Coptosapelteae received low pp values.
Maximum pp values (1.0) were found for all tribes within Cinchonoideae and for a number of sister-tribe relationships (i.e., Guettardeae-Rondeletieae, NaucleeaeHymenodictyeae, Chiococceae-Hillieae-Hamelieae-Chione/ Colleteria, and Cinchoneae-Isertieae), while early splits within the subfamily were unresolved or received only low pp values. As in Cinchonoideae, early splits within Ixoroideae had low pp values while tribes and some intertribal relationships had high pp values. Detailed information on topology and support values is presented in appendix B, available in the online edition of the International Journal of Plant Sciences.
Likelihood Ratio Test
The likelihood ratio statistic (D) was expected to be distributed as x 2 , with the number of degrees of freedom corresponding to the number of taxa minus 2 (Page and Holmes 1998 
Divergence-Time Analysis
Apart from a few weakly supported nodes, the topology of the maximum clade credibility tree from the BEAST analysis (figs. 2-4) was congruent with the majority-rule consensus tree from the MrBayes analysis. Rubiaceae were estimated to have originated in the Late Cretaceous ( fig. 2A ). Before the end of the Cretaceous the Cinchonoideae had diverged from Ixoroideae, and in the Paleocene both Cinchonoideae and Ixoroideae diversified further. More detailed information on 264 estimated divergence times and confidence intervals for larger clades is found in table 2.
Biogeographical Analysis
The most favored ancestral-area reconstruction indicates that Rubiaceae originated in Asia (F) and South America (C; fig. 2B ). However, the reconstruction is ambiguous and several alternative-although less likely-reconstructions are also presented. Members of one descendant lineage including Luculieae, Coptosapelteae, and Rubioideae diversified within Asia, with subsequent dispersal events to other areas reconstructed for Rubioideae. These are shown in figure 2B .
South America (C) is the most likely ancestral area for the other descendant lineage of Rubiaceae, which includes the subfamilies Ixoroideae and Cinchonoideae. Ancestral-area reconstruction of Ixoroideae involves South America (C), solely or together with Africa (þD). One descendant lineage radiates in South America and later disperses to Central America, the Caribbean, and Asia. Reconstruction of ancestral areas for early splits in the other descendant lineage are ambiguous and involve Africa (D) or South America (C), alone or in combination, and possibly Asia (þF). Further ancestral-area reconstructions within Ixoroideae are shown in figure 2B .
From a South American source area, the ancestor of Cinchonoideae (node 24) dispersed to Central America (þA) and/or possibly Africa (þD), but the reconstruction is ambiguous ( fig. 3B ). The tribes Cinchoneae and Isertieae diversified in South America, and for the remaining Cinchonoideae the ancestor (node 26) was present in Central America (A) and Africa (D) or, almost as likely, only in Central America (A). The most favored reconstructions for the subsequent nodes indicate that two descendant lineages including Guettardeae, Rondeletieae, Hamelieae, Hillieae, Chione þ Colleteria, and Chiococceae diversified in Central America, while a third descendant lineage including Naucleeae and Hymenodictyeae diversified in Africa.
Ancestral Hymenodictyeae dispersed from Africa (D) to Asia (þF) or to Asia and Madagascar (þE), with subsequent vicariance between Asia and Africa þ Madagascar. In its sister tribe, the most favored reconstruction indicates that Naucleeae diversified in Africa (D) before the transoceanic back dispersal of Cephalanthus from Africa to Central America (þA). In the other descendant lineage, dispersals to Asia (þF) and/or Madagascar (þE) are ambiguously reconstructed. The Pausinystalia-Burttdavya lineage radiated in Africa, with later dispersals to Asia (þF) and the Pacific (þG) and also to the Neotropics (þA/þC). Ancestral reconstruction for the Janotia-Breonadia lineage favors either Madagascar alone (E) or Madagascar and Africa (þD), while the NeonaucleaAdina lineage is reconstructed to Asia (F) and experienced several later dispersal events to the Pacific (þG).
The ancestor of the Hamelia, Hillieae, and Chione þ Colleteria lineage remained in Central America (A) or dispersed to the Caribbean (þB; fig. 4B ). Ancestral reconstruction of Chione þ Colleteria is ambiguous and includes all Neotropical areas, while the Hamelieae and Hillieae lineage originated in Central America (A), with several more recent dispersals to the Caribbean (þB) and South America (þC) within the tribes.
Chiococceae s.l. most likely originated in Central America (A) and later dispersed to the Caribbean (þB). Restricted Caribbean (B) ancestral distributions are reconstructed for a small Exostema lineage (Exostema spinosum-Exostema lineatum) and for the large Exostema acuminata-Asemnantha lineage. Within this large lineage, back dispersal to Central America (þA) is reconstructed for the ancestor of Osa and Nernstia, as are several dispersals to South America (þC) and two parallel transoceanic dispersals to the Pacific (þG).
The Guettardeae and Rondeletieae lineage most likely originated in Central America (A; fig. 5B ), and Central America is also the most favored ancestral reconstruction for Rondeletieae. In Rondeletieae, parallel dispersals to the Caribbean (þB) are reconstructed for the two descendant lineages, followed by vicariance between the two areas in both of the lineages and a recent back dispersal to Central America (þA) from a restricted Caribbean distribution in the Rondeletia pitreana-Acrosynanthus lineage.
Ancestral reconstruction of Guettardeae includes Central America alone (A) or, less likely, Central America and South America (þC). Rogiera most likely radiated in Central America and later dispersed to South America (þC). For the remaining Guettardeae, ancestral area for a number of consecutive nodes is ambiguously reconstructed. The reconstructions include Central America and/or South America and, less frequently, the Caribbean, and the sequence of dispersal events is not clear. Most reconstructions for ancestral Machaonia include Central America (A), alone or in combination with South America (þC) and the Caribbean (þB). The Arachnothryx-Gonzalagunia lineage most likely originated in Central America (A), and from this distribution early dispersal to South America (þC) is indicated. For the Malanea-Antirhea lineage, South America (C) is the most favored ancestral area, possibly also involving Central America (þA). Within this lineage, several transoceanic dispersals (þF/þG/þE) from the Neotropics are reconstructed.
Discussion
Topology of the Phylogenetic Tree
Our majority-rule consensus tree ( fig. 1) shows an overall congruence with other recent large-scale molecular phylogenetic analyses of Rubiaceae (Rova et al. 2002; Bremer and Eriksson 2009; Rydin et al. 2009 ) that have all resulted in a general topology of the family. This topology resolves three subfamilies (i.e., Cinchonoideae, Ixorioideae, and Rubioideae) and two clades placed outside of the three subfamilies (i.e., Luculieae and Coptosapelteae). The relationships between the three subfamilies, Luculieae, and Coptosapelteae are more or less unresolved or are poorly supported, except for a sistergroup relationship between Cinchonoideae and Ixoroideae.
There is also a general congruence between our study and previous studies (Rova et al. 2002; Bremer and Eriksson 2009; Kainulainen et al. 2009; Rydin et al. 2009 ) regarding relationships within Rubioideae and Ixoroideae. In Cinchonoideae, however, resolution in the backbone topology is generally weakly supported (Rova et al. 2002; Antonelli et al. 2009; Bremer and Eriksson 2009; Rydin et al. 2009; Manns and Bremer 2010) in earlier studies. Our study resolves Cin- ;40 ;24 ;40
A, C GUE Guettarda boliviana Standl.
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;17 A-C B HAM Hamelia papillosa Urb. B HAM Hamelia patens Jacq.
A-C HAM Hillia illustris (Vell.) K.Schum.
;23 ;540
A-C A-C IXOR Retiniphyllum pilosum (Spruce ex Benth.) Mü ll.
;20 C C IXOR Sabicea diversifolia Pers.
;120
Note. If a genus is represented by more than one species, the total number of species within the genus and the genus distribution are supplied only at the first species listed. Distribution abbreviations are as follows: A ¼ Central America, B ¼ the Caribbean islands, C ¼ South America, D ¼ Africa, E ¼ Madagascar, F ¼ Asia, and G ¼ the Pacific islands. Classification abbreviations (three letters refer to tribe, four letters to family or subfamily) are as follows:
Distribution areas and number of species within each genus were retrieved from the World Checklist of Rubiaceae and studies by Mabberley (1997) , Thulin (2001) , Zhen and Jianhua (2007) , and Rova et al. (2009 choneae and Isertieae in a sister-group relationship with all other Cinchonoideae ( fig. 1 ). This result is congruent with the results of Manns and Bremer (2010) but is in conflict with those of Antonelli et al. (2009) and Rydin et al. (2009) .
Evaluation of Divergence-Time Estimates
Selection of taxa is crucial in divergence-time analyses, and it is important to use acquired knowledge in the sampling process. If only more recently derived taxa within a large clade are sampled, we will get an unrealistically young age estimate for the diversification of the clade. Recent phylogenetic analyses in Rubiaceae have, however, provided a good knowledge of the relationships within the family, and therefore we can be rather confident in our sampling. In this article, estimated divergence times refer to when the different clades diversified (i.e., crown node ages).
Two recent articles have dealt with dating of Rubiaceae: that of Antonelli et al. (2009) and that of Bremer and Eriksson (2009) . Our mean divergence-time estimates are, generally, Fig. 1 Simplified 50% majority-rule consensus tree from the Bayesian phylogenetic analysis of Rubiaceae, with special emphasis on the subfamily Cinchonoideae. Clade credibilities are indicated above the branches. The complete tree is supplied in appendix B, available in the online edition of the International Journal of Plant Sciences. 270 older than those of Antonelli et al. (2009) , with the exception of nodes placed close to their single-fossil calibration point (i.e., Cinchonoideae tribes Hymenodictyeae, Naucleeae, Isertieae, and Cinchoneae). The sampling of Antonelli et al. (2009) , however, was more limited than ours: they constrained the tree height to a maximum of 78 Myr (compared with 88 Myr in our analysis), which may partly explain our comparatively older estimates for nodes that are distant to their single calibration point.
As compared with Bremer and Eriksson (2009), our study gave younger mean divergence-time estimates for Rubiaceae, Rubioideae, and Coptosapelteae, while the mean divergencetime estimates for the split between Cinchonoideae and Ixoroideae and diversification of nodes within these subfamilies were generally older in our study. The largest deviation was found in the estimate for Cinchonoideae, for which our analysis provided a mean divergence time of 57.4 Myr compared with 38.7 Myr in their study. The differences in our studies probably resulted from the use of different fossils and tree height priors. Bremer and Eriksson (2009) did not constrain tree height, and in addition to two fossils that we also examined (i.e., Faramea and Scyphiphora), they used a younger Cephalanthus fossil estimated to 14 Mya and did not use the Emmenopterys fossil, which was the oldest fossil included in our study.
Biogeography
Neotropical Rubiaceae. On the basis of its present distribution, Raven and Axelrod (1974) listed Rubiaceae among the taxa that were believed to have dispersed from Africa to the Neotropics during the Late Cretaceous, after the break up of Gondwana. Island chains stretching over a (at the time) narrow Atlantic Ocean were suggested to have facilitated this dispersal. Gentry (1982) shared this view of Neotropical Rubiaceae as a Gondwana-derived lineage and suggested that Rubiaceae belong to a group of taxa (i.e., Andean-centered taxa) that often exhibit two centers of diversification, one in the Andes and one in Central America. An alternative to a Gondwanan origin was presented by Antonelli et al. (2009) , who suggested that Rubiaceae originated in the Laurasian boreotropical forests and used the NALB to reach the Neotropics in the Late Paleocene or the Early Eocene.
The Late Cretaceous origin of Rubiaceae ( fig. 2A ) contradicts a presence on the Gondwanan continent, and the early split between an Asian and a South American lineage that is indicated in our analysis ( fig. 2B ) does not support a dispersal from Africa, as suggested by Raven and Axelrod (1974) . Instead, ancestral Rubiaceae are reconstructed here to have been distributed in Asia and South America followed by a vicariance event leading to two geographically separated lineages. The Asian lineage includes Luculieae, Coptosapelteae, and Rubioideae, and the South American lineage includes Cinchonoideae and Ixoroideae.
The suggested presence of Rubiaceae in South America predates the existence of the NALB, and it is unlikely that ancestral Rubiaceae used this route to reach the Neotropics. However, early ancestors of Rubiaceae might have been represented in the Eurasian boreotropical forests, which were already present across the middle latitudes north of the Tethys during Cenomanian-Turonian times (Morley 2003) , and long-distance dispersal across a narrow Atlantic Ocean could explain its ancestral distribution in Asia and South America. This route was recently suggested for Cucurbitaceae (Schaefer et al. 2009 ).
Although sampling within Ixoroideae is limited, certain biogeographical patterns are paralleled in this subfamily and in Cinchonoideae. First, a restricted South American ancestral distribution is suggested for the first diverging lineage in both subfamilies; second, although reconstructions are ambiguous, the possibility of dispersal to the Paleotropics (Africa) during the Paleocene is indicated for both subfamilies, although not until the Eocene was a Paleotropical distribution more likely (figs. 2B, 3B).
The South American ancestral lineage of Ixoroideae has a present-day distribution that is primarily in South America, Central America, and the Caribbean islands. A few genera are, however, distributed in the Paleotropics, among them Emmenopterys. Fruit fossils of Emmenopterys constitute the oldest confidently identified remains of Rubiaceae (Graham 2009 ) and were found in layers from the Eocene in western North America (Manchester 1994; Wehr and Manchester 1996) , supporting a prior presence (of this genus at least) on the North American continent. The seeds of Emmenopterys are winged.
At least one additional dispersal event from the Neotropics to the Paleotropics has occurred within the South American Ixoroideae lineage: the three Paleotropical taxa Dolicholobium, Mastixiodendron, and Mussaendopsis that form a clade within Condamineeae (Kainulainen et al. 2010 ). Our analysis did not include any of these genera, but they most likely represent a separate dispersal event since they are only distantly related to Emmenopterys (Kainulainen et al. 2010 ). None of these have winged seeds like Emmenopterys, but the fruits of Mastixiodendron are fleshy drupes (Kainulainen et al. 2010 ).
The present-day land connection between the South American and North American continents, the Isthmus of Panama, was established during the Pliocene (;3.5 Mya; Saito 1976). However, the possibility of earlier land connections between South America and North America (during the Late CretaceousTertiary) and tectonic changes in the Caribbean region have been widely debated during recent decades (Pindell 1988; Briggs 1994 ; Iturralde-Vinent and MacPhee 1999). Pindell et al. (1988) suggested that a volcanic arc was formed between South America and North America during the Late Cretaceous. This arc then moved (north-)eastward in relation to South America and North America until the Eocene-Oligocene, when it is thought to have formed a landmass termed Gaarlandia (33-35 Mya; Ituralde-Vinent and McPhee 1999). This landmass was later subdivided into the present-day Greater Antilles (Iturralde-Vinent and MacPhee 1999). It is not known to what extent this arc constituted exposed land area(s), but exchange of biota between South America and North America has occurred since the Campanian (Morley 2003) . Extant terrestrial (animal) lineages of the Caribbean are, however, not older than ;40 Myr (Briggs 1994 ; Iturralde-Vinent and MacPhee 1999), probably because of transgression, subsidence, and the K/T (CretaceousTertiary) bolide impact (Iturralde-Vinent and MacPhee 1999) .
Following the split from Ixoroideae, the ancestral Cinchonoideae is suggested to have dispersed northward from South 271 Fig. 2 A, Chronogram from the BEAST analysis showing estimated median divergence times and 95% confidence intervals for the root portion of the tree, with outgroup and early splits within Rubiaceae, Rubioideae (RUBI), and Ixoroideae (IXOR). Arrowheads indicate position of a fossil prior: Faramea (the Faramea-Coussarea clade), 37 Myr; Emmenopterys (the Ferdinandusa-Calycophyllum clade), 44 Myr; Scyphiphora (the Scyphiphora-Canthium clade) 27 Myr. B, Summary of the dispersal-vicariance analyses presented in a 50% majority-rule consensus tree based on 15,000 topologies generated in the BEAST analysis. The tree shows outgroup and early splits within Rubiaceae, RUBI, and IXOR. Pie charts at individual nodes represent marginal probabilities for each alternative ancestral area derived by using dispersal-vicariance analysis (DIVA) while integrating over tree topologies, using the Markov chain Monte Carlo method. The marginal probabilities are a product of the phylogenetic uncertainty in the rest of the tree and the biogeographic uncertainty at each node (conditional on the node occurring). In the pie charts, the first four areas with the highest probability are colored according to relative probability in the following order: white > red > blue > gray. Any remaining areas are collectively shown in black. Node numbers are given for each node, and the details of the reconstructed distributions are supplied in appendix C, available in the online edition of the International Journal of Plant Sciences. An asterisk in association with the node number indicates that the node is not well supported in the phylogenetic analyses (<95% Bayesian posterior probability). Distributions for the terminal taxa are given next to the taxon names, where A ¼ Central America, B ¼ the Caribbean islands, C ¼ South America, D ¼ Africa, E ¼ Madagascar, F ¼ Asia, and G ¼ the Pacific islands. Fig. 3 A, Chronogram from the BEAST analysis showing estimated median divergence times and 95% confidence intervals for Cinchoneae (CIN), Isertieae (ISE), Naucleeae (NAU), and Hymendictyeae (HYM). Arrowhead indicates the position of the Cephalanthus (Naucleeae clade) fossil prior, 34 Myr. B, Summary of the dispersal-vicariance analyses presented in a 50% majority-rule consensus tree based on 15,000 topologies generated in the BEAST analysis, showing CIN, ISE, NAU, and HYM. Pie charts at individual nodes represent marginal probabilities for each alternative ancestral area derived by using dispersal-vicariance analysis (DIVA) while integrating over tree topologies, using the Markov chain Monte Carlo method. These probabilities are a product of the phylogenetic uncertainty in the rest of the tree and the biogeographic uncertainty at each node (conditional on the node occurring). In the pie charts, the first four areas with the highest probability are colored according to relative probability in the following order: white > red > blue > gray. Any remaining areas are collectively shown in black. Node numbers are given for each node, and the details of the reconstructed distributions are supplied in appendix C, available in the online edition of the International Journal of Plant Sciences. An asterisk in association with the node number indicates that the node is not well supported in the phylogenetic analyses (<95% Bayesian posterior probability). Distributions for the terminal taxa are given next to the taxon names, where A ¼ Central America, B ¼ the Caribbean islands, C ¼ South America, D ¼ Africa, E ¼ Madagascar, F ¼ Asia, and G ¼ the Pacific islands. Fig. 4 A, Chronogram from the BEAST analysis showing estimated median divergence times and 95% confidence intervals for Chiococceae (CHI), Hamelieae (HAM), Hillieae (HIL), and Chione þ Colleteria. B, Summary of the dispersal-vicariance analyses presented in a 50% majorityrule consensus tree based on 15,000 topologies generated in the BEAST analysis, showing CHI, HAM, HIL, and Chione þ Colleteria. Pie charts at individual nodes represent marginal probabilities for each alternative ancestral area derived by using dispersal-vicariance analysis (DIVA) while integrating over tree topologies, using the Markov chain Monte Carlo method. These probabilities are a product of the phylogenetic uncertainty in the rest of the tree and the biogeographic uncertainty at each node (conditional on the node occurring). In the pie charts, the first four areas with the highest probability are colored according to relative probability in the following order: white > red > blue > gray. Any remaining areas are collectively shown in black. Node numbers are given for each node, and details of the reconstructed distributions are supplied in appendix C, available in the online edition of the International Journal of Plant Sciences. An asterisk in association with the node number indicates that the node is not well supported in the phylogenetic analyses (<95% Bayesian posterior probability). Distributions for the terminal taxa are given next to the taxon names, where A ¼ Central America, B ¼ the Caribbean islands, C ¼ South America, D ¼ Africa, E ¼ Madagascar, F ¼ Asia, and G ¼ the Pacific islands.
America during the Late Cretaceous or Paleocene, extending distribution to southern North America and northern Central America and possibly also Africa ( fig. 3) . The dispersal northward coincided with the possible existence of a volcanic arc between South America and North America (Pindell et al. 1988; Iturralde-Vinent and McPhee 1999) ; however, whether this arc allowed overland migration is unclear, and long-distance dispersal is not excluded. A dispersal route from South America to North America during the Paleocene has been suggested for Malpighiaceae (Davis et al. 2002 (Davis et al. , 2004 .
Cinchoneae and Isertieae diversified within South America ( fig. 3B ). The biogeographical history of this lineage and its correlation with the Andean orogeny were recently presented by Antonelli et al. (2009) ; our results are mainly congruent with their findings.
Remaining Neotropical Cinchonoideae (Chiococceae, Guettardeae, Hamelieae, Hillieae, Rondeletieae, Chione þ Colleteria) are found in two lineages that are indicated to have had a Central American ancestral distribution (figs. 4B, 5B). A sister-group relationship between these two lineages was strongly supported by Manns and Bremer (2010) , although it was not in this study. From their Central American ranges, further dispersals within the Neotropics have been frequent (figs. 4B, 5B), and together with the South American lineage these Central American lineages support the view of two Neotropical centers of diversification suggested by Gentry (1982) .
Starting in the Late Eocene or possibly in the Early Eocene (Chione and Colleteria), several dispersals from Central America to the Caribbean islands-and also in reverse-are indicated for Hamelieae, Hillieae, Chiococceae, Guettardeae, and Rondeletieae (figs. 4, 5). These dispersals coincide with or postdate the hypothesized existence of Gaarlandia (33-35 Mya) and support a continuous presence of exposed land areas in the Caribbean region since the Eocene, although the majority of the dispersals are estimated to the Miocene. It is also clear that Central American and Caribbean Cinchonoideae diverged in these two areas well before the Late Cenozoic. Late Cenozoic or more recent divergence of Neotropical Rubiaceae has been suggested by Raven and Axelrod (1974) .
The sister taxa Chione and Colleteria ( fig. 4B ) share an extant distribution in the Caribbean islands. Chione is present in Central America as well as in South America. They both have fleshy fruits; the fruits of Chione are eaten by birds, and its dry fruits float on (tap-)water for at least 9 d (Taylor 2003) . Together with Hamelieae, Hillieae, and Chiococceae, they are placed within one of the Central American lineages. From our reconstruction it is not clear when the dispersal from Central America to the Caribbean islands occurred; it might have been before the split of Chione þ Colleteria from Note. Divergence-time estimates retrieved from the BEAST analysis in this study and from previous studies of Rubiaceae (Antonelli et al. 2009; Bremer and Eriksson 2009 ). An ellipse indicates that information is not available.
a From Bremer and Eriksson (2009 Hamelieae and Hillieae, although later dispersal seems more likely considering the marine transgression that is suggested to have occurred in the Caribbean in the Early to Middle Eocene (Iturralde-Vinent and McPhee 1999) . Hamelieae has to a large extent remained in Central America, although some dispersals within the Neotropics can be inferred. Our results indicate that dispersal to the Caribbean islands occurred during the Miocene, before the split between Syringantha and Hamelia (fig. 4) . These two genera are present in Central America, and Hamelia is also found in the Caribbean islands and South America. However, little is known of the phylogenetic relationships within Hamelia, and the estimated time of dispersal may be the result of sampling only Caribbean taxa and the widespread Hamelia patens. Denser sampling would probably give a better estimate of the time of dispersal, not only to the Caribbean islands but also to South America.
Hoffmannia is primarily distributed at higher elevations in Central America, but two species (i.e., Hoffmannia pedunculata Sw. and Hoffmannia tubiflora Griseb.) are present in the Caribbean islands. As in Hamelia, relationships within Hoffmannia are poorly known, and because our study included only one Central American representative, any dispersal to the Caribbean islands is not reconstructed here. However, since Hamelia and Hoffmannia are placed in two different clades and as sisters to Central American taxa ( fig. 4B ), the dispersals from Central America to the Caribbean islands most likely represent two separate events. Both Hamelia and Hoffmannia have fleshy fruits that are eaten by birds (Bremer 1987; Levey 1987) , while other members of Hamelieae with a more restricted distribution have dry fruits; this may explain the presence of Hamelia and Hoffmannia in the Caribbean islands.
Our reconstruction also suggests a dispersal event from Central America to South America in the ancestor of Deppea blumenaviensis and Deppea erythrorhiza ( fig. 4B ). This dispersal refers to the South American distribution of D. blumenaviensis in an otherwise restricted Central American genus.
Extant distribution of Hillieae is essentially in Central America and South America, and our results indicate that the tribe originated in Central America, where it dispersed to South America during the Miocene (fig. 4) . Two Hillia species (Hillia parasitica and Hillia tetrandra Sw.) have spread to the Caribbean islands. Hillia tetrandra has not been included in molecular studies; however, morphological studies of Hillia (Taylor 1994) did not support H. tetrandra and H. parasitica as being closely related, and their presences in the Caribbean islands are probably not correlated. Seeds of Hillia have a tuft of trichome-like processes or filaments and are wind dispersed (Taylor 1994) . A second dispersal from Central America to South America is seen in Cosmibuena (Cosmibuena grandiflora; fig. 4B ), a genus of four species; of these, two are present in Central America and South America, while the remaining two are restricted to Central America. Seeds of Cosmibuena are also winged, with irregular margins (Taylor 1994) .
Chiococceae s.l. is predominantly Caribbean in its distribution (;70% of all species). Central America and South America have ;30 species (;15%), and almost as many are distributed in the Pacific (Motley et al. 2005) . Still, Central America is reconstructed as the most likely ancestral distribution area of Chiococceae ( fig. 4B) .
The monotypic Strumpfia maritima, sister to all other Chiococceae, has fleshy, indehiscent fruits and is estimated to have diverged from the remaining Chiococceae before the time of Gaarlandia. Strumpfia is widely distributed on limestone substrates near seacoasts in the Caribbean basin, including on many of the Caribbean islands, the Caribbean coasts of southern Mexico and northern Central America, southern Florida, and northern Venezuela.
The remaining Chiococceae are suggested to have spread from Central America to the Caribbean in the OligoceneEarly Miocene, and by the Early Miocene two lineages (i.e., Exostema spinosum-Exostema lineatum and Erithalis acuminatum-Erithalis fruticosa; fig. 4 ) had a restricted Caribbean distribution. During the Late Oligocene, general subsidence and higher sea levels resulted in diminished exposed land area in the Caribbean region (Iturralde-Vinent and McPhee 1999) . If Chiococceae was present in the Caribbean region during this time, extinctions and rapid diversification due to changing environments could explain the difficulties in resolving relationships in this part of the phylogeny. A Miocene or even earlier presence of Exostema in the Caribbean region has been suggested by McDowell et al. (2003) . The seeds of Exostema are generally small, winged, and wind dispersed; however, McDowell et al. (2003) stated that ecological constraints rather than seed dispersal limited the distribution of Exostema.
A later Late Miocene dispersal from Central America to the Caribbean is reconstructed for the ancestor of Solenandra, a Neotropical genus with small, wind-dispersed seeds found in Cuba, Hispaniola, and Mexico. Solenandra shares a Central American ancestor with Coutarea, a primarily South American genus with one widespread species, Coutarea hexandra, found throughout Central and South America. Coutarea was placed as sister to South American Exostema corymbosum (Ruiz & Pav.) Spreng. and Exostema maynense Poepp. (not included in this study) by McDowell et al. (2003) , indicating a dispersal in this lineage from Central America to South America.
Our analysis suggests that the Central American distribution of the ancestor of Osa pulchra and Nernstia mexicana stems from a more recent (Late Miocene) back dispersal from the Caribbean to Central America, followed by a vicariance event. This dispersal is to be paralleled by a dispersal leading to a Central American distribution of the shared ancestor of Asemnantha and Chiococca.
Rondeletieae has its major distribution in the Caribbean islands, with most species restricted to single islands and more limited numbers of taxa in Central America and South America. Members of Rondeletieae have capsular fruits and generally unwinged seeds. Rondeletia is by far the largest genus and comprises ;120 species, of which some are Central American and a few others are South American but to the majority are Caribbean. Of the non-Caribbean taxa, two Central American species (i.e., Rondeletia deamii and Rondeletia hameliifolia) were included, while no South American taxa were represented in our study.
Following dispersals from Central America to the Caribbean estimated to the Late Eocene-Early Oligocene, two par- (RON) and Guettardeae (GUE). B, Summary of the dispersal-vicariance analyses presented in a 50% majority-rule consensus tree based on 15,000 topologies generated in the BEAST analysis, showing RON and GUE. Pie charts at individual nodes represent marginal probabilities for each alternative ancestral area derived by using dispersal-vicariance analysis (DIVA) while integrating over tree topologies, using the Markov chain Monte Carlo method. These probabilities are a product of the phylogenetic uncertainty in the rest of the tree and the biogeographic uncertainty at each node (conditional on the node occurring). In the pie charts, the first four areas with the highest probability are colored according to relative probability in the following order: white > red > blue > gray. Any remaining areas are collectively shown in black. Node numbers are given for each node, and details of the reconstructed distributions are supplied in appendix C, available in the online edition of the International Journal of Plant Sciences. An asterisk in association with the node number indicates that the node is not well supported in the phylogenetic analyses (<95% Bayesian posterior probability). Distributions for the terminal taxa are given next to the taxon names, where A ¼ Central America, B ¼ the Caribbean islands, C ¼ South America, D ¼ Africa, E ¼ Madagascar, F ¼ Asia, and G ¼ the Pacific islands.
allel vicariance events are reconstructed in Rondeletieae ( fig.  5) . Rondeletia deamii, which is placed outside core Rondeletia, and Rovaeanthus both diversified in Central America, while the sister group of Roveanthus, Suberanthus, and Acunaeanthus diversified in the Caribbean islands. The remaining species of Rondeletia are found in a large Caribbean clade together with Acrosynanthus, Mazaea, Phyllomelia, Rachicallis, and Roigella, forming a sister group to the Central American Blepharidium.
Within the large Caribbean clade, at least two back dispersals to Central America are suggested to have occurred ( fig. 5B ). The first back dispersal, estimated in the Miocene, is reconstructed for the ancestor of the Central American Rondeletia hameliifolia and the Caribbean Rondeletia nipensis and Rondeletia poitaei. Rova et al. (2009) found R. hameliifolia to be closely related to the South American Rondeletia purdiei Hook.f., which grows in low-altitude (<1000 m) areas of northern Colombia and Venezuela (Andersson 1992) , indicating further dispersal to South America or possibly the other way around. The second back dispersal is that of Rachicallis, which has an extant distribution in the Caribbean basin, widely in the islands and along the coast of northern Central America and southern Mexico.
Our analysis indicates that Guettardeae most likely had a Central American ancestral distribution ( fig. 5B) . Rogiera, sister to all other Guettardeae, is almost entirely Central American, with Rogiera amoena also extending into Colombia. Machaonia, Arachnothryx, Gonzalagunia, and Malanea, which were placed in early, successively diverging lineages in the remaining Guettardeae, are distributed in all of the Neotropical regions defined here. They are all rather species-rich genera with largely unknown phylogenies. Machaonia and Arachnothryx have capsular fruits, while Gonzalagunia and Malanea have generally fleshy fruits. Our reconstruction suggests a Central American and/or South American and to some extent Caribbean ancestral distribution for the corresponding nodes ( fig. 5B ). These ambiguous reconstructions may reflect our poor knowledge of phylogenetic relationships within the genera, limited sampling, and an absence of Caribbean representatives in the sampling. The wide extant distribution of all four genera may, however, support a wide ancestral distribution in the Neotropics during the Oligocene, as indicated by our results.
Dispersals To and Within the Paleotropics
Naucleeae and Hymenodictyeae. The two sister clades Naucleeae and Hymenodictyeae are different from the other tribes of Cinchonoideae in that their major distributions in the Paleotropics (i.e., Africa, Madagascar and the Mascarenes, Asia, and the Pacific), with only a few Naucleeae taxa present in the Neotropics. Antonelli et al. (2009) placed Naucleeae and Hymenodictyeae as a sister group to the remaining Cinchonoideae and proposed that Rubiaceae used the NALB as a pathway from the Old World to South America in the Late Paleocene-Early Eocene. The Cephalanthus fossils documented in different layers from the Eocene to Oligocene in Europe were considered to strengthen their hypothesis (Antonelli et al. 2009 ).
Our ancestral-area reconstructions and divergence-time estimates point in another direction. A Neotropical presence of the ancestor of Cinchonoideae and the divergence-time estimate for the split of Naucleeae and Hymenodictyeae indicate that the lineage dispersed to the Old World at the latest by the end of the Eocene (fig. 3) . This dispersal could have been trans-Atlantic or along the NALB. So far, no fossils have been found in North America to support a migration route over the continent for this lineage. However, the Cephalanthus fossils from different localities in Europe (Raniecka-Bobowska 1959; Dorofeev 1960 Dorofeev , 1963 Mai and Walther 1978, 1985; Friis 1985) clearly indicate that the lineage was present in Eurasia at the end of the boreotropical era and had a long-lasting presence in the region despite decreasing temperatures from the Late Eocene and Oligocene (Tiffney and Manchester 2001; Zachos et al. 2001) . Extant Cephalanthus species have a pansubtropical distribution and grow in swamps, wet areas, and/ or near water. Three species are found in the New World, and of these one species, Cephalanthus occidentalis, grows in warm temperate regions of North America, consistent with a tolerance to cooler conditions. The back dispersal of Cephalanthus to the New World is estimated to the Early Oligocene, coinciding with its presence in Eurasia.
Furthermore, ancestral distribution areas reconstructed for Hymenodictyeae and early splits within Naucleeae, as well as an extant distribution of Cephalanthus ( fig. 3B ), indicate a boreotropical presence that was interrupted by the thermal cooling that occurred from the Middle Eocene to the Oligocene (Tiffney and Manchester 2001; Zachos et al. 2001 ). This cooling forced frost-sensitive boreotropical taxa to migrate south (or to become extinct), and remant taxa are today found in tropical regions in the Paleotropics as well as the Neotropics (Morley 2003) . In this study, therefore, Eurasia is considered as part of these distribution areas during the Paleocene-Oligocene. Ancestral-area reconstructions for all Naucleeae except Cephalanthus suggest a presence in Africa exclusively or together with Asia and/or Madagascar, whereafter three geographically separated lineages are resolved, one African, one Malagasy, and one Asian ( fig. 3B ), consistent with a previous boreotropical distribution. The same ancestral areas are reconstructed for Hymenodictyeae ( fig. 3B) . Morley (2003) considered dispersal of boreotropical taxa to Africa to be rare because of latitudinal barriers such as the Sahara Desert, the Mediterranean Sea, and the uplifts of the Alps. Therefore, hypotheses involving migration southward to tropical Africa may seem unlikely. However, the arid climate present in the Sahara today was not established until ;5 Mya; since the split of Africa from South America, the climate in the Sahara region as well as in other parts of northern Africa have supported periods of Mediterranean vegetation or tropical forests (Le Houérou 1997) . Furthermore, following the movement of the African continent toward Eurasia, the Tethys closed in the Early Miocene (20-16 Mya) and the two continents became connected (Rö gl 1999). The African lineage of Naucleeae is estimated to have diversified during the Middle to Late Miocene. Dispersal of boreotropical Malpighiaceae to Africa and subsequently to Madagascar due to a cooling climate in the Oligocene has been suggested by Davis et al. (2004) .
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The African Naucleeae lineage is not well supported and consists of three commonly recognized clades (PausinystaliaCorynanthe, Mitragyna, and Nauclea-Burttdavya) with unresolved or only weakly supported interrelationships in previous studies (Razafimandimbison and Bremer 2002; Manns and Bremer 2010) . While the Pausinystalia-Corynanthe clade has retained its African distribution, several dispersal events are reconstructed within the other two ( fig. 3B ). During the Late Miocene, at least three different dispersals out of Africa are suggested. The first dispersal refers to Mitragyna with a present distribution in Africa and Asia (þ New Guinea), and the Asian species is shown as derived. The seeds of Mitragyna are completely surrounded by wings (Razafimandimbison and Bremer 2002) .
The second dispersal from Africa led to an Asian or Pacific distribution of the ancestor of Nauclea orientalis and Neolamarckia. Relationships within the Nauclea-Burttdavya clade are, however, only weakly supported and are not congruent in the different analyses, and ancestral-area reconstructions are ambiguous. The placement of the African Nauclea diderrichii as sister to all other species of the group is inconsistent with the results of previous studies (Razafimandimbison and Bremer 2002; Manns and Bremer 2010) , in which Nauclea was monophyletic and Neolamarckia was placed outside Nauclea, Burttdavya, and Sarcocephalus. This alternative topology indicates two parallel dispersals from Africa to Asia or the Pacific. Both Nauclea and Neolamarckia have indehiscent fruits.
The third dispersal from Africa of the African Naucleeae lineage is indicated as being to the Neotropics and was followed by a later dispersal to Asia in Uncaria (fig. 3B ). The pantropical genus Uncaria has its largest species diversity in Asia (29 out of the 34 species; Ridsdale 1978) . The genus is represented in our analysis by two Neotropical and one Asian species, while African taxa were not available. Our sampling is thus too limited to say whether the Asian taxa form a monophyletic group, which would support a single dispersal to the region, and whether the African taxa have a basal or derived position in the genus. The fruits of Uncaria are capsular and bipolar, with fusiform wings at both ends.
The ancestral distribution of the Malagasy Naucleeae lineage possibly also included Africa, and the lineage diversified during the Late Miocene ( fig. 3A ). Dispersal to Madagascar was probably through long-distance dispersal, and the source area seems to involve Asia (however, the support is weak; fig.  3B ). The seeds of Breonadia and Breonia are unwinged, although rudimentary wings are sometimes observed in species of Breonia, and the fruit of Breonia can function as a dispersal unit that floats on water (Razafimandimbison 2002) . Apart from Breonadia, which is sister to the remaining taxa and has an African (þ Saudi Arabian and Yemeni) and Malagasy distribution, the lineage has an extant distribution that is restricted to Madagascar and the Comoros. Although not shown here, dispersal to the Comoros was probably from Madagascar (Wikströ m et al. 2010) .
Neonauclea is a large, paraphyletic genus distributed in Asia and the Pacific islands (Razafimandimbison and Bremer 2002) . It is here represented by two species found in Sulawesi, Western New Guinea, and Papau New Guinea that are reconstructed as two parallel dispersals from Asia to the Pacific ( fig. 3B ). However, a combination of poor sampling, limited knowledge of relationships within Neonauclea, and the unclear relationship to Ludekia, Myrmeconauclea, and Ochreinauclea make this result uncertain.
Other Neotropical-Paleotropical Dispersal Events
Parallel dispersals in the Miocene from the Caribbean to the Pacific and Asia are suggested to have occurred in Chiococceae ( fig. 4B) . Representatives of the nonmonophyletic Pacific genus Bikkia are found in two separate clades: the colorfully flowered ''Thiollierea-Bikkia'' and Morierina, which occur in New Caledonia, form a sister group to one Caribbean clade, while the white-flowered Bikkia and Badusa, which are present on New Guinea, the Philippines, the Moluccas, Micronesia, Fiji, Tonga, and Niue to the Wallis Islands (Motley et al. 2005) , form a sister group to another Caribbean clade. The absence of these genera on mainland Asia indicates a long-distance dispersal across the Pacific Ocean.
Our results are congruent with those of Motley et al. (2005) , who discussed the biogeography of Chiococceae s.l. and suggested an origin in the Neotropics and one or two long-distance dispersals to the South Pacific. They concluded that because the Pacific taxa of Chiococceae are all wind dispersed, anemochory is a successful strategy with which to cross from the Neotropics to the Pacific islands, while other fruit types are successful on a more local scale.
As in Chiococceae, several dispersals from the Neotropics to the Paleotropics are reconstructed in Guettardeae and are estimated to the Miocene. The Paleotropical distribution within Guettardeae, however, cannot be explained by anemochory. Although Guettardeae is essentially Neotropical, a number of Guettardeae genera placed within a large clade of taxa possessing fleshy fruits have a distribution in the Pacific islands, Asia, and the Indian Ocean. Of these genera, Guettarda is also found in the Neotropics, although the genus was shown to be polyphyletic, with nonrelated clades corresponding to different geographical regions (Achille et al. 2006) .
Lack of resolution and weakly supported nodes make inferences regarding number of dispersal events from the Neotropics to the Paleotropics difficult, although at least three dispersals followed by vicariance may be inferred ( fig. 5B ). Our results indicate that the ancestor of Hodgkinsonia, Bobea, Antirhea megacarpa, and Antirhea inconspicua was present in the Pacific islands, and the clade is sister to the Neotropical Chomelia spinosa. A parallel scenario is suggested for Tinadendron þ Timonius and a Neotropical clade consisting of Chomelia tenuiflora, Guettarda crispiflora, Guettarda tournefortiopsis, and Stenostomum. A third Neotropical-Paleotropical dispersal is reconstructed for the ancestor of the Malagasy Antirhea madagascariensis and the South American Chomelia angustifolia.
However, in a study by Manns and Bremer (2010) , Antirhea madagascariensis was detected as sister taxon to the Malagasy/Mascarenian Antirhea borbonica J.F. Gmel. and placed in the sister group of Timonius, while Tinadendron 283 grouped with the Guettardella-Antirhea megacarpa clade. Timonius is a species-rich genus with a wide distribution in the Indian Ocean, Asia, and the Pacific, and a close relationship between this genus and the two Malagasy/Mascarene taxa would suggest that their present distribution stems from a shared Paleotropical ancestor following a dispersal event from the Neotropics.
Our analysis suggests that the pantropical distribution of the seashore plant Guettarda speciosa represents a separate dispersal event; this event has been attributed to its fruits, which have air-filled cavities that enhance their dispersal by flotation over water (Achille et al. 2006) . Remarkably, no other members of Guettardeae are found in Africa, and the reconstructed Neotropical-Paleotropical dispersals were probably westward. As in Chiococceae, the estimated divergence time (the Miocene) indicates a long-distance, trans-Pacific dispersal.
Conclusions
Our findings do not support Neotropical Rubiaceae as being Gondwana-derived taxa that migrated from Africa to the New World, as suggested by Raven and Axelrod (1974) , nor do they support the recent suggestion that Rubiaceae used the NALB to reach the Neotropics in the Late Paleocene to Early Eocene (Antonelli et al. 2009 ). Instead, our results suggest that the ancestor of Cinchonoideae and Ixoroideae was already present in South America during the Late Cretaceous, with multiple subsequent dispersals to other regions in the Neotropics. Following dispersal to Central America no later than in the Early Paleocene, Late Eocene to Miocene dispersals to the Caribbean island can be inferred in Rondeletieae, Chiococceae, Hamelieae, Chione þ Colleteria, and, to some extent, Hillieae. In Guettardeae, back dispersal to South America is estimated for the same time period. Their early presence and long persistence in the Caribbean islands are congruent with hypotheses of exposed land areas in the region from the Late Eocene.
Our results further suggest that the ancestor of Naucleeae and Hymenodictyeae dispersed from the Neotropics to the Paleotropics during the Paleocene or Eocene. The remains of Cephalanthus fruits support a presence in Eurasian boreotropical forests, from where it is reconstructed that Naucleeae and Hymenodictyeae are to have spread to Africa, Madagascar, and Asia, possibly due to decreasing temperatures in Eurasia in the Late Eocene-Oligocene.
The Neotropical and Paleotropical distributions of Chiococceae and Guettardeae are best explained by long-distance dispersals from the Neotropics to the Paleotropics during the Miocene. The dispersals were probably westward across the Pacific, and both tribes have their major Paleotropical distribution on islands in the Pacific Ocean while being absent in Africa.
Even though some dispersal events seem to coincide with temporary land connections between continents, long-distance dispersals have played a major role in the distribution of Cinchonoideae. Dispersals between remote regions or continents have been successful within the Neotropics and from the Neotropics to and within the Paleotropics for taxa with capsular fruits and wind-dispersed seeds and for taxa with fleshy fruits.
